I. Introduction
HROUGH a gas-nitriding process to transform a porous sili-T con compact into reaction-bonded silicon nitride (RBSN), a net-shape of silicon nitride ceramic has been fabricated with a linear dimension error of less than 0.05%. ',' The flexural strength of this reaction-bonded material is temperature-independent at 25-1600°C. '-5 Even with such precise fabrication, this high-temperature structural material is lacking in excellent mechanical properties and oxidation resistance at high temperatures because of its approximately 10-20 vol% remaining porosity.6 In the past, several methods such as metallic infiltration' and postsintering techniques8- '' have been introduced to eliminate the remaining porosity. However, most of these methods have destroyed the self-bonded Si,N, skeleton structure or have changed the dimensions of the RBSN material. In this study, a modified melt infiltration method has been chosen to eliminate the open porosity and to maintain the self-bonded Si,N, interconnected structure.
In this modified melt infiltration, a melt which contains two equilibrium phases at high temperatures is designed to infiltrate into the RBSN. By establishing a phase equilibrium condition between the liquid and the pure silicon nitride solid phase in the melt, the liquid will not chemically react with the RBSN during infiltration. This modified melt infiltration method is expected to be much easier to handle than the conventional method, because the limiting factors such as temperature and time '." will not have to be considered. The oxynitride melt is chosen from the Y-Si-0-N quaternary system. In this quaternary system, pure Si,N, solid phase is phase equilibrated with the liquid liquid is phase equilibrated with the p-Si,N,. When this oxynitride melt is infiltrated to the RBSN materials, the a-Si,N, phase in the RBSN materials is probably dissolved in the infiltrated liquid and then reprecipitated in the p-Si,N, phase. In order to maintain the self-bonded Si,N, interconnected structure in the infiltrated RBSN materials, the as-received RSBN is heattreated to completely transform to the P-Si,N, phase before infiltration. Pore size distributions and dimension changes of the RBSN materials were observed before and after post-heat treatments. Furthermore, after infiltration, microstructure and high-temperature mechanical properties of the infiltrated RBSN materials were investigated.
Experimental Procedure
Starting powders for making oxynitride melts were 99.9% pure Si,N, (containing -95% a and -5% P), 99.99% pure Y203, and 99.99% pure SiO, (low quartz). According to the composition of 70 equiv% Si-30 equiv% Y as indicated in Fig. 1 by the symbol "*", these three powders were attritionmilled with 99.99% pure isopropyl alcohol. After the isopropyl alcohol was removed, these dried powders were fired at 1600-2000°C under 25 atm of N, to form oxynitride melts. Subsequently, these premelted oxynitride melts were cooled down to room temperature to determine their phase existence and then prepared for infiltration at high temperature.
Two sources of the reaction-bonded silicon nitride materials were used in this study. One was from Ceradyne Inc., and it contained 67 wt% a-Si,N, and 33 wt% P-Si,N,, determined by an X-ray diffraction method.', The other was synthesized in this laboratory from 99.99% pure silicon powder having a median 
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Vol. 77, No. 2 particle size of -1 pm. These pure silicon powders were hotpressed by a uniaxial compressive stress of 26 MPa to form a porous compact at 1200°C under 1 atrn of flowing Ar gas. Subsequently, this partially sintered silicon compact was gasnitrided to form reaction-bonded silicon nitride. These two sources of RBSN materials were further post-heat-treated at 1600"-1900°C under 25 atm of N, to enable them to completely transform to the P-Si,N, phase. Heat treatments of these RBSN materials are listed in Table 1 . A mercury porosimeter was used to analyze the pore size distributions of the RBSN materials before and after heat treatments. The premelted oxynitride melts were placed over the postheat-treated RBSN compacts and were then one-dimensionally vertically infiltrated to these RBSNs at 1600-1800°C under 25 atm of N,. After infiltration, some of the infiltrated RBSN materials were heat-treated at 1400°C for a crystallization treatment. The mechanical properties of these RBSN materials were tested at 25-1400°C in the air by a four-point Sic bending fixture. The inner and outer spans of the bending fixture were 8 and 16 mm, respectively. The dimension of the testing bar was 25 X 3 X 2 mm3. The testing strain rate was 1 X 10-4/s. The specimen's surfaces were polished and its sharp edges were also chamfered by a diamond paste down to 1 pm. Microstructural observations were conducted either by SEM or by TEM. The phase existence of the oxynitride melts and the RBSN materials at high temperature was determined by the X-ray diffraction technique at room temperature.
Results and Discussion

(1) Preparations of Oxynihide Melts and RBSN Materials for Infiltration
An oxynitride melt with the initial composition 30 equiv% Y-70 equiv% Si was premelted at high temperatures under different N, pressures. Under low pressure, i.e., 1-2 atm of N,, this melt had considerable weight loss, approximately 30 wt% after being fired at 1700°C for 1 h. The corresponding X-ray diffraction pattern shows that this fired oxynitride melt contains only the Y,, (SiO,) ,N, apatite phase without any detectable glass background. This decomposition phenomenon indicates that the final composition of the oxynitride melt is more likely to shift to the Y,, (SiO,) ,N, comer. The weight loss of this oxynitride melt is probably caused by the formation of SiO and N,, which is one of the decomposition mechanisms in silicon nitride-containing materials.
However, there is no weight loss for this 30 equiv% Y-70 equiv% Si oxynitride melt after being fired at 1700-2000°C under 25 atm of N,. The series of corresponding X-ray diffraction patterns presented in Fig. 2 indicate this oxynitride melt contains a P-Si,N, phase and a liquid at 1700" and 1 850"C, and only a liquid at 2000°C. All of the X-ray diffraction patterns shown in Fig. 2 were determined at room temperature. The characteristic X-ray background of the liquid phase, which is an oxynitride glass at room temperature, appears from 20 = -22" to 20 = -38" in these diffraction patterns. The above phase relationships indicate that the liquidus gradually approaches the Si,N, corner as temperature increases. At higher temperature (22000"C), this 30 equiv% Y-70 equiv% Si oxynitride melt does not contain a liquid in equilibrium with the @-Si,N4 phase and it will chemically react with the RSBN during infiltration, However, at 1600-18OO0C, this oxynitride melt contains a liquid in equilibrium with the P-Si,N, phase and it will not chemically react with the RSBN during infiltration. Therefore, this 30 equiv% Y-70 equiv% Si oxynitride melt is chosen to infiltrate into the RBSN at 1600-1800°C. Table I lists the phase existence, dimension change, and porosity of the post-heat-treated Ceradyne RBSNs (samples A1-A9) and samples BO-B2. As-received RBSNs from Ceradyne are heat-treated at 1600-1900°C under 25 atm of N,. The minimum temperature to obtain a single P-Si,N, phase is -1650°C. With a low-temperature heat treatment, it takes a longer time to complete this a-Si,N,-to-P-Si,N, phase transformation, which is >5 h at 1650"C, but <0.25 h at 1900°C; however, the linear dimension change ( A L ) of this heat-treated RBSN is smaller, i.e., -1% at 1650°C for sample A5 versus -3.0% at 1900°C for sample A8. As to the porosity (V,) and median pore size (d,,,), the heattreated RBSN sample has a lower porosity but a larger median pore size than the as-received RBSN. (Al, A8, and A9), Table I shows the median pore size increases as the time of heat treatment increases. Two corresponding SEM micrographs presented in Fig. 3 show a larger hexagon prism type of P-Si,N, grains in the single P-Si,N, phase containing RBSN, in contrast to a very fine two-phase microstructure, a needlelike grain, and an equiaxial type of grain in the asreceived RBSN. Apparently, the median pore size in the heattreated RBSNs is affected by the P-Si,N, grain growth; that is, the median pore size increases as the P-Si,N, grain size increases.
Sample BO-B2 in Table I represent one example of a series of heat treatments from silicon compact to RBSN, and further to a single P-Si,N, phase containing RBSN. As to the heat treatment from the silicon compact to the RBSN, there is no dimension change (AL = -0) between samples BO and B1. This result is consistent with previous A direct conversion of silicon to silicon nitride usually causes a volume increase of -22%, which can be calculated from the molecular weights and the theoretical densities (D,) of silicon and silicon nitride as listed in Table I . However, this is not the case for the heat treatment from the silicon compact to the RBSN. The heat treatment from the silicon compact to the RBSN only causes an internal structure change instead of an external dimension change. A porosity change from 27.0 to 16.4 vol% and a median pore size change from 0.356 to 0.118 pm for samples BO and B1 are examples of this internal structure change. During transformation, part of the silicon nitride is probably formed to fill in the preexisting empty space, which was a pore in the silicon compact before transformation. As a result, RBSN has a lower porosity and a smaller median pore size. As to the further heat treatment from the RBSN to a single P-Si,N, phase containing RBSN, there is no significant dimension change (AL = -0.5%) or porosity (V, = -16 ~01%) difference for samples B1 and B2. However, as a result of the P-Si,N, grain growth in sample B2, the median pore size increases from 0.1 18 to 0.531 pm. Overall, the phenomena being observed during these series of heat treatments can be summarized as follows: the median pore size decreases first because of the formation of silicon nitride, and then increases because of P-Si,N, grain growth; however, the dimension change between the initial and final products is not significant (AL = -0.5%). As a result, a netshape of the infiltrated silicon nitride ceramic can be precisely fabricated with a linear dimension error <O.S% in this modified melt infiltration method.
(2) Injiltration of Oxynitride Melt into the RBSN Compact
Figure 4(a) shows a typical microstructure of the oxynitride melt for this modified melt infiltration. There are two phases in this oxynitride melt, the elongated grains of P-Si,N, phase and a bright background of glass matrix which is a liquid at high temperature. When the oxynitride melt is infiltrated to a single P-Si,N, containing RBSN at high temperature, the liquid is automatically "capillary-flowed" into the RBSN compact; however, P-Si,N, grains are too large to pass through the interconnected pore channel in the RBSN compact and therefore they are left behind in the interface. This phenomenon can be seen in Fig. 4(b) , in which P-Si,N, grains are sedimented in the interface between the RBSN compact and the oxynitride melt.
The relationship of the infiltration depth versus time is presented in Fig. 5 . The infiltration depth (6) is linearly proportional to the square root of time (P2) for melt infiltration at 1700°C. That is, dz = kt, k being a constant which is proportional to the fluidity ( 1/viscosity).15 From this parabolic relationship of infiltration depth versus time, the infiltration mechanism of the oxynitride melt into the RBSN material is capillary fl0w,"3'~ not a chemical reaction or surface desorption.I6 A positive intercept of infiltration depth at time = 0 occurs probably because the liquid in the oxynitride glass is already formed and then infiltrated into the RBSN compact before the temperature reaches 1700°C. The infiltration depth is also temperature-dependent. Data points presented in Fig. 5 indicate that the infiltration depth at 1700°C is larger than that at 1600"C, but smaller than that at 1800°C. A larger infiltration depth at high temperature is obtained because the lower viscosity of the liquid in the oxynitride melt generates a larger infiltration constant ( k ) in this capillary flow infiltration. This capillary flow mechanism further confirms a phase compatibility between the oxynitride melt and the RBSN during infiltration.
(3) High-Temperature Mechanical Properties and Microstructural Observations
The flexural strength of the RBSN materials before and after infiltration is shown in Fig. 6 . The processing conditions of these tested RBSN materials are listed in Table 11 . The flexural strength of sample A1 is 200 MPa and it is temperatureindependent at 2S-1400°C, which is consistent with previous studies." As to the post-heat-treated RBSN sample A9, which contains 100% P-Si,N,, its flexural strength is -200 MPa and it is temperature-independent at 25-1 400°C. It indicates that the formation of the elongated P-Si,N, phase does not degrade the mechanical properties of the RBSN materials. In Fig. 6 , all of the infiltrated RBSNs except for sample D1640 have better mechanical properties than the as-received RBSN. The maximum flexural strength of the infiltrated RBSNs is increased from 200 to 600 MPa at 25"C, and from 200 to 300 MPa at 1400°C. SEM fractographs presented in Fig. 7 show some P-Si,N, grain pull-outs in these tested samples which are represented by sample D1790, but not for sample D1640 at 1400°C. Sample D1640 has a very low flexural strength of -50 MPa at 1400°C. The low mechanical properties of this sample at high temperature occur probably because its microstructure is different from the other infiltrated RBSNs. Sample D1640 has a microstructure where the P-Si,N, grains are dispersed in an oxynitride glass matrix, because the self-bonded Si,N, skeleton structure is destroyed by an a-Si,N,-to-P-Si,N, phase transformation during infiltration. However, the other infiltrated RBSNs have microstructures where the two continuous phases, The processing conditions of these tested specimens are listed in Table 11 . Y2Si20, composition line. Compared to sample D 1690, sample D169C does not have a significant improvement of mechanical properties as shown in Fig. 6 . This is because the oxynitride glass in the infiltrated RBSN is not completely crystallized after a crystallization treatment at 1400°C for 10 h. The incomplete crystallization phenomenon of this sample can be seen from the SEM and TEM micrographs in Fig. 8 , in which the crystalline structures in the glass pocket are surrounded by a continuous glass. Mechanical properties of the infiltrated RBSNs are also affected by the infiltrated temperature. In Fig. 6 , RBSNs infiltrated at 1600°C have lower flexural strength than those infiltrated at 1700" and 1800°C. The larger defects in the lowtemperature infiltrated RBSNs may cause inferior mechanical properties because the higher viscosity liquid is unable to infiltrate into the smaller pores. Samples D172B and D1790 have similar mechanical properties even though RBSNs for these two samples are from different sources before infiltration. It seems that the mechanical properties of the infiltrated RBSNs are mainly controlled by the infiltrated temperature.
As listed in Table I , the post-heat-treated RBSNs contain -1.0--10.0 vol% of the closed porosity before infiltration.
This closed porosity is unable to infiltrate with the liquid during infiltration, and it will all remain inside the samples to affect the mechanical properties. To optimize the mechanical properties of the infiltrated RBSNs, the amount of the closed porosity needs to be minimized. Furthermore, with infiltrating a higher meltpoint of glass and by conducting a complete crystallization treatment, the RBSN materials are expected to have better mechanical properties.
IV. Conclusion
A modified melt infiltration method is introduced to eliminate the open porosity of the RBSN materials. In this infiltration method, the oxynitride melt which contains two equilibrium phases, a liquid and a P-Si,N, phase, is infiltrated to the porous RBSN compact at high temperatures. In order to maintain the self-bonded Si,N, interconnected structure during infiltration, the RBSN materials are heat-treated to completely
(1) Fig. 7 .
These samples are bend-tested at 25" and 1400°C in the air. Scale bars are 15 000 nm.
SEM fractographs of the infiltrated RBSN samples (a) D1790 at 25"C, (b) D1790 at 1400"C, (c) D1640 at 25"C, and (d) D1640 at 1400°C.
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Vol. 77, No. 2 transform to the P-Si,N, phase before infiltration. By transforming the silicon compact into the RBSN, and further to a single P-Si,N, containing RBSN, the median pore size in these materials is changed, increasing first and then decreasing; however, the dimension change among these materials can be very small (<0.5%). By establishing a phase equilibrium between the liquid and P-Si,N, in the oxynitride melt, the infiltration mechanism of this oxynitride melt to a single P-Si,N, phase containing RBSN is capillary flow,".'5 not a chemical reaction or surface desorption. '' (3) Using this modified melt infiltration method, the mechanical properties of the RBSN materials are improved. Flexural strength increases from 200 up to 600 MPa at 25"C, and from 200 to 300 MPa at 1400°C. In order to further improve the mechanical properties of these infiltrated RBSN materials, it is suggested that the RBSN compact needs to first minimize its closed porosity before infiltration and then undergo a complete crystallization treatment after infiltration.
